The encapsulation of flavors is the important process in food industry. The encapsulation of flavors with spray drying and the flavor release from spray-dried powder were reviewed. The hydrophobic flavor was in the form of emulsion before spray dr ying. Therefore, the researches were mainly related to the forming of emulsion which wall material containing emulsifier properties are required. On the other hands, the hydrophilic flavor was mainly related to the antioxidant and coloring flavor powder. The hygroscopicity of powder and their stickyness during the spray dryer were important points to improve which the remaining of hydrophilic flavors were less concerned. The morphologies, and flavor release behavior are important physical properties of the flavor encapsulated powder. Especially, the correlation equations for the flavor release are summarized in the relation with Avrami or Weibull equation. The glass transition temperature is important to estimate the collapse of the powder and the permeation of the powder matrix to flavor compounds. The flavor release (mass transfer of flavor) rate is affected by temperature difference (T-T g ). In this review, recent researches are summarized in the flavor encapsulation in spray drying, especially for tropical flavor encapsulation.
Introduction
Tropical fruits are of increasing interest to consumers worldwide. Fabiano et al reviewed the drying of exotic tropical fruits and indicated the drying method affected the quality of fruits such as the content of vitamins [1] .
The tropical fruits are exotic in flavor. Flavor contents in the fruits were affected also by the drying conditions and method. Flavor (aroma) is one of the most important attributes that affects the consumption of fruit from the tropics and subtropics. In food industr y, various core compounds, such as volatile compounds, essential oils, and oleoresins, are encapsulated with some specific concerns, such as safety usage of solvent and wall material.
The most common and economical way to carr y out microencapsulation to retain and protect chemically reactive or flavor compounds is spray drying so that it is widely used in commercial scale. Many research works related to encapsulation of liquid flavors by spray drying have been reported [2] [3] [4] [5] . Several researchers investigated the volatile flavor constituents of tropical fruits and flavor behaviors at storage. Pino and Marbot [6] investigated the volatile constituent of acerola fruits. Tietel et al. [7] evaluated the flavor and quality of 'Or' and 'Odem' mandarins after 4 weeks of storage. Rouseff et al. [8] reviewed historical review of citrus flavor research during the past 100 years. Bicas et al. [9] investigated volatile constituents of exotic fruits from Brazil. They pointed the flavor in these fruits was a very important factor.
Perez-Cacho and Rouseff [10] reviewed processing and storage effects on orange juice aroma. They indicated the flavor compounds were labile compounds and unstable during the storage. One method is the encapsulation to form stable flavor form. Madene et al. [4] reviewed the flavor encapsulation and controlled release. They summarized the flavor release mechanism from the powder with diffusion, swelling, melting and degradation. Gibbs et al. [11] reviews also the encapsulation in the food industry. They showed encapsulation in foods is also uti- The loss of flavors especially the high volatile flavors (with low boiling point temperature) was expected in this period with the temperature of droplet increase. In the second step with the constant drying periods, the formation of crust was occurred. The crust was the selective membrane allows the higher diffusion rate of water than the flavors resulted the higher remaining of flavor in the droplet. However, the high solubility flavor as well as hydrophilic flavor was lost in the higher amount than in the hydrophobic flavor. The dissolved flavors were loss during the drying as the water molecule. After the solid droplets were formed, the loss of flavors was expected to occur with the change of powder morphology. However, the losses in this step were less amount comparing to the first and second steps.
In this paper, the hydropobic and hydrophilic flavors encapsulation focusing on tropical flavor by spray drying especially the work published in last decade were reviewed including the flavor release mechanism as well as the oxidation of encapsulated flavors.
The encapsulated hydrophobic flavors
To encapsulate the hydrophobic flavors by spray drying, the emulsion of flavors will first to produce under the wall materials solution. Therefore, the wall materials with emulsifier properties or the additional of surfactant are required. Then the flavor emulsion is spray dried to form the encapsulated flavors powder. The flavor is in the form of droplet inside the shell wall of powder as the multi core encapsulated powder. In the past decade, the research works are studied the effects of each factors on the flavor retention during spray drying. During the storage with various conditions, the water, oxygen and flavor itself can diffuse through the shell wall. The stability of encapsulated flavors during the storage is also widely investigated.
Wall materials
Wall materials are one of the most important factors on the properties of encapsulated flavor powder. The widely used of wall materials to encapsulated hydrophobic flavor by spray drying is gum arabic (also known as arabic gum or acacia gum) and n-octenyl succinic anhydride (OSA)-modified starch since both of them have the emulsifier properties. The maltodextrin was also used to blend with the emulsifier wall materials as the drying aid which was also prevent the losses of flavor during the spray drying process. The higher solid content increased the flavors retention because the rate of crust formation around the atomized droplet as the selective diffusion membrane for the flavors is increased. The surfactants were also added to stabilize the emulsion with less used methods. The used surfactants are mostly in the form of viscous and sticky liquid affected to the physical properties as well as the yield of product. The surfactant can stabilize the emulsion but it cannot cover the flavor droplet during the drying periods.
There are some of works that reported the new wall materials with the emulsifier properties comparing to the conventional materials of gum arabic and OSA-modified starch. Drusch [13] reported a novel emulsifying wall component of sugar beet pectin. Beristain et al. [14] [15] showed the application of mesquite gum with the high retention. Xie et al. [16] reported the addition of peach gum in the emulsion system resulted the smooth surface of spray dried powder. Hogan et al. [17] used the whey protein concentrate to encapsulate the soya oil. The whey protein concentrate offered the surface active properties required to stabilize emulsion. Hogan et al. [18] showed the encapsulation with sodium caseinate/matlodextrin blends. Charve and Reineccius [19] evaluated the potential of selected proteins (sodium caseinate, whey and soy protein isolates) as alternative materials for flavor comparing to the gum arabic and modified starch.
The highest flavor retention in gum arabic was reported but protein materials effectively limited limonene oxidation. Calvo et al. [20] studied the microencapsulation of extra-virgin olive oil by spray-dr ying with proteins (sodium caseinate and gelatin), gum arabic and maltodextrin. A better microcapsule yield, ef ficiency, and internal-external fat ratio were achieved when a combination of proteins and polysaccharides was used as the wall component. Liu et al. [21] used the soybean soluble polysaccharide to encapsulate the hydrophobic flavors.
The increasing of flavor retention with addition of gelatin to the emulsion was also reported. The volatile compounds were retained in dry emulsions stabilized by pea protein isolate/pectin complex. The pectin was able to preserve the β-sheet secondary structure of pea protein when pea globulins/pectin complexes are heated.
Drusch et al. [22] and Gharsallaoui et al. [23] described the fundamental physical characteristics of spray-dried carrier matrices based on sodium caseinate and casein hydrolyzate. Surface accumulation of proteins at the airwater interface led to a modified surface composition of spray-dried carrier matrix particles for microencapsulation. However, the interfacial elasticity was markedly altered when using hydrolyzed casein as emulsifier, which is related to a decrease in microencapsulation efficiency. Lipid oxidation during storage of the microencapsulated oil increased with the protein content in the formulation. Excess protein led to an increase in free volume elements and is suspected to increase oxygen diffusion.
Klinkesorn [24] used the two-layered interfacial membranes of lecithin-chitosan to emulsified the tuna oil combination with the maltodextrin as drying aid materials. The high oil retention levels (>85%) was obtained.
Loksuwan [25] showed the modified tapioca starch as potential wall material for encapsulation of β-carotene.
The efficacy of pullulan as stabilizer to achieve a stable emulsion of turmeric oleoresin and its subsequent microencapsulation was investigated. Kshirsagare et al. [26] and Yang et al. [27] used the konjac glucomannan (KGM) which have the excellent film forming capability to encapsulate orange oil. The KGM was hydrolyzed before used to decrease the viscosity of carrier solution.
Because of the lack of emulsifier properties, the surfactant or gum arabic or OSA-modified starches have to add in the system. Furthermore, the combination of encapsulation methods between the inclusion complex and spray dr ying were also reported. The cyclodextrins and their derivatives was used to form the inclusion complex of hydrophobic flavor and then following by spray drying to form the dry products. Liu et al. [28] showed the encapsulated of menthols in β, α and γ-cyclodextrin following with the single droplet drying process to simulate the loss of flavor during spray drying process. Kawakami et al. [29] showed the encapsulation of rice flavor in α-cyclodextrin and highly branched cyclic dextrin by spray drying.
Type of hydrophobic flavors
Numerous of works have reported the encapsulation of flavors as well as the tropical flavors in both of model flavors and natural extracted flavors. Bylaitë et al. [30] encapsulated the caraway essential oil in mixtures of whey protein concentrate and malodextrins matrix by spray drying. Partanen et al. [31] reported the microencapsulation of caraway extract in β-cyclodextrin and modified starches. The inclusion complex seemed to protect volatile substances more efficiently during storage, whereas microcapsules with modified starches as wall material were more heat tolerant. Encapsulation of extracted sea buckthorn kernel oil and the stability of the products were also investigated. Encapsulation of extracted sea buckthorn kernel oil in maltodextrin and emulsifying starch derivative and the stability of the products were investigated [32] . Teixeira et al. [33] encapsulated swiss cheese flavor in conventional wall materials of gum arabic and maltodextrin. The rose oil which composed of 2-phenylethanol (50.22%), nerol (22.34%) and citronellol (19.40%) was also encapsulated gum arabic and maltodextrin wall materials. The yield of encapsulated rose oil varied with wall materials (64-70%) [34] . The model flavor of menthol was also encapsulated in gum arabic and modified starch. The re-crystallize to form whisker of menthol during storage was discussed [35] . Krishnan et al. [36] reported the microencapsulation of cardamom oleoresin using binar y and ternar y blends of gum arabic, maltodextrin, and OSA-modified starch as wall materials. Bixin was encapsulated by spray-dr ying with gum arabic or maltodextrin [37] .
Dzondo-Gadet [38] reported the encapsulation of safou pulp oil in maltodextrins(DE=6). Baranauskiene et al. [39] reported the encapsulation of natural flavorings of oregano, citronella and marjoram into skimmed milk powder and whey protein concentrate. Vaidya et al. [40] reports on the microencapsulation of cinnamon oleoresin by spray drying using binary and ternary blends of gum arabic, maltodextrin, and modified starch as wall materials. Shaikh et al. [41] reports on microencapsulation of black pepper oleoresin (piperine) by spray-drying, using gum arabic and OSA-modified starch as wall materials.
The encapsulation of peppermint oil in modified starch was also reported with the encapsulation efficiency about 80 percent [42] . About 60 percent encapsulation efficiency of cold pressed avocado oil using whey protein and maltodextrin was reported [43] . Bae et al. [43] and Jimenez et al. [44] reported the encapsulation of conjugated linoleic acid in whey protein concentrate and gum arabic. Ahn et al. [45] Touré et al. [47] reported the microencapsulation of ginger oil in maltodextrin(DE=18)/whey protein isolate with the application of the higher pressure homogenization. The best conditions for higher retention at 93 percent were found. The influence of some process conditions on the microencapsulation of flaxseed oil (vegetable sources of ω-3) in gum arabic by spray drying was reported [48] . Rodea-González [49] reported the encapsulation of chia essential oil in whey protein concentratepolysaccharide matrices. Ko et al. [50] produced the encapsulated allyl isothiocyanate (AITC) in gum arabic and chitosan materials via spray drying. Lim et al. [51] investigated the influence of the composition of the wall material on the encapsulation and stability of microencapsulated red-fleshed pitaya seed oil by spray dr ying.
The study on oil retention revealed that sodium caseinate > whey protein > gum arabic as effective wall materials for pitaya seed oil encapsulation. Rubilar et al. [52] prepared the formulation of soup powder enriched with ω-3 fatty acids of linseed oil in gum arabic/maltodextrin mixture. Recently, the encapsulation of multiflavors bergamot oil in gum arabic and modified starch were studied. The transformation among each flavor to give the retention higher than 100 percent was discussed [53] .
The encapsulated hydrophilic flavors
To encapsulate the hydrophilic flavors, the aqueous solution of flavor and carrier solid was prepared. Then, the aqueous mixture was spray dried. The flavors are dispersed and encapsulated in the dried carrier solid in the form of matrix type.
The researches work is now aim to improve the physical properties of the powder. The main problem of the natural hydrophilic flavors is the content of the soluble solid as low molecular of saccharide in the extract aqueous flavor which is a cause of the stickyness and the high hydroscopicity. Therefore, the research is aim to improve the hygroscopicity of product as well as to decrease the sticky of obtained powder during the spray drying. The maltodextrin was normally used as the drying aid agents to the system. The higher maltodextrin content decreased the stickyness and hygroscopicity of the product. The gum arabic was also used because of its excellent film forming properties even the emulsifier properties are not required in this system. However, the quality of the product as the flavor concentration in dry basis was decreased. Numerous works was done to improve these problems rather than the retention of flavor in the powder products.
Wall materials
Some new wall materials and wall materials systems were applied to solve the stickyness and hygroscopic properties problems with high flavor content. Oliveira et al. [54] showed the potential using of cashew tree gum to partially replace the conventional maltodextrin as drying aid agent in spray dr ying of cashew apple juice. The retention of ascorbic acid was increased with the decreasing of powder hygroscopicity especially when the ratio of cashew tree gum to maltodextrin is higher than 50%.
Recently, the protein compounds were added to the feed solution in the small amount to increase the hygroscopic proper ties instead of adding high content of maltodextrin. Jayasundera et al. [55] reported the powder recover y up to 80% of amorphous fructose and sucrose powder with the addition of sodium caseinate at 7.89% and 0.13% respectively. The protein compounds in the emulsion were reported to form the film and crust around atomized droplet during the drying process. Kim et al. [56] reported the surface composition of spray dried of milk powder. The results showed that the surface composition is very much different from the bulk composition of powders. A maltodextrin/apple pectin based matrix was used to encapsulate the plant extracts.
The bioactive polyphenols and moisture content of the particles or the antioxidant activity appeared significantly modified [57] .
Type of hydrophilic flavors
There are numerous of works reported the encapsu- The glass transition temperature and the stickiness of the powder was discussed [63] . The raisin juice powder was produced with maltodextrins as drying aid agents. It was shown that the lower the DE of the maltodextrin used, the lower the temperature of drying air at the inlet and the lower the concentration of drying aid in the feed were required for successful powder production [64] .
The watermelon powder was produced with maltodextrin. Addition of maltodextrin reduced the stickiness of the products and altered the physicochemical properties of the spray-dried powders. The loss of lycopene and carotene occurred at higher inlet temperatures [65] .
Microencapsulation of anthocyanin pigments of black carrot by spray drying with maltodextrin (DE 10, 20, 30) was reported. The highest anthocyanin content powder was found in DE20 of maltodextrin. The higher air inlet temperature the higher anthocyanin losses [66] . Gong et al. [67] produced the instant bayberry powder by spray drying following with the agglomeration process. Tonon et al. [68] studied the influence of spray drying conditions on the physicochemical properties of açai powder with maltodextrin DE 10 as carrier. The curcumin pigments was also produced by spray drying using porous starch and gelatin [69] . A powder food colorant was obtained by spray dr ying of puntia stricta fruit juices with glucose syrup (DE 29) as drying aid. Color was retained during the drying process (>98%) and drying yield was high (58%) [70] . Moreira et al. [71] assessed the impact of some processing parameters on moisture content, flowability, hygroscopicity and water solubility of spray dried acerola pomace extract using maltodextrin and cashew tree gum as drying aids. Bakowska-Barczak and Kolodziejczyk [72] efficiency was significantly better in soybean protein isolates matrix whereas for anthocyanins was in maltodextrin matrix [73] . Kha et al. [74] reported a good quality gac powder in terms of colour, carotenoid content and total antioxidant activity can be produced by spray drying at low inlet temperature (120 ºC) and adding maltodextrin concentration at 10% w/v. Chin et al. [75] reported the stability of encapsulated durian powder by spray drying. Gum arabic, maltodextrin and N-Lok were used as wall materials. The retention of maker volatile compounds (two esters and two sulfides) was investigated during spray drying and storage. The retention of flavors was in the rage of 20-70%. The study demonstrated that volatiles with larger molecular weight tended to retain better during spray drying. However, the stability during storage was still low. Nayak and Rastogi [76] reported that maltodextrin is an effective drying aid for production of microencapsulated anthocyanin from garcinia indica. Addition of gum acacia and tricalcium phosphate fur ther reduced the hygroscopicity as well as increasing the stability of the pigments. Goula and Adamopoulos [77] investigated the development a new technique for spray dr ying orange juice concentrate using dehumidified air as drying medium and maltodextrin as drying agent. They indicated the hygroscopicity and degree of caking decrease with an increase in inlet air temperature and maltodextrin concentration and a decrease in maltodextrin dextrose equivalent and the combination of maltodextrin addition and use of dehumidified air as drying medium seems to be an effective way of producing a free-flowing orange powder. The pro-duction of bayber r y polyphenols powder with MD (DE10) by spray drying with the retention of phenolic content and total anthocayanins after spray dr ying at about 95% was reported [78] . The water extract of the mountain tea was spray-dried by using β-cyclodextrin, gum arabic and maltodextrins as carrier materials. The product yield increased with the addition of the carrier materials whereas decreased at higher drying temperatures [79] . Suhaimi et al. [80] carried out to determine the effect of different ratios of pineapple juice to maltodextrin as a carrier agent. These results suggested that the ratio of pineapple juice solid to maltodextrin at 40:60 produced the highest powder output at 84.85% recovery.
Yousefi et al. [81] reported the pomegranate juice was diluted to 12° Brix and carriers (maltodextrin, gum arabic, waxy starch) were added with varying concentrations of cellulose before being reduced to powder by spray dr ying. The gum arabic still showed the most effective carriers. The production of pomegranate juice powder with DE6 of maltodextrin was also investigated.
The results showed that inlet temperature had a great influence on the physicochemical proper ties of the spray-dried powders. The antioxidant capacity of the sample increased with increasing air inlet temperature.
However, the total phenolics content of the samples was not affected by temperature [82] . Furthermore, also to produce the pomegranate juice powder, Vardin and Yasar [83] showed the optimization of pomegranate juice spray-drying as affected by temperature and maltodextrin content. Solval et al. [84] developed a cantaloupe juice powders from fresh cantaloupe fruit by spray drying. The 10 wt% maltodextrin solution was used as a carrier. The results indicated that the inlet air temperature of the spray dryer can affect vitamin C and β-carotene contents of cantaloupe juice powders. Caparino et al. [85] showed the effect of dr ying methods (refractance window dr ying, freeze dr ying, drum dr ying and spray dr ying) on the physical properties and microstructures of mango powder. The maltodextrin was used as carrier for the spray dr ying technique. The higher porosity or lower bulk density in spray-dried mango powder was due to the addition of maltodextrin. The spray dried powder showed the least hygroscopic comparing to other types of dr ying. Wang and Zhou [86] characterized of spray-dried soy sauce powders using maltodextrins. Maltodextrin concentration and DE value greatly influenced the caking strength of the soy sauce powders.
Effects of related factors on the retention of the flavor and properties of encapsulated powder
The properties of wall materials, flavors, emulsion as well as the spray drying parameters have been reported to affect the retention and properties of obtained encapsulated flavor powder. In this paper, some of the works that reported to each property were reviewed. Mongenot et al. [87] showed the ultrasound emulsification on cheese aroma encapsulation. The use of ultrasound is particularly effective to obtain a stable emulsion with maltodextrin as support, which is known for poor emulsification properties. Buffo et al. [88] 
c o n s i s t e n t l y s t a b l e w i t h o u t t h e o x i d a t i o n .
Soottitantawat et al. [91] reported the effect of flavor emulsion size on their retention after spray drying. The large emulsion size gave the low flavor retention in both of non-soluble and partly-soluble flavors because the droplet was sheared during the atomization process.
However, for the small emulsion size give the higher retention of non-soluble flavor but give the lower retent i o n i n t h e c a s e o f p a r t l y -s o l u b l e f l a v o r .
Microencapsulation by spray dr ying of multiple emulsions containing carotenoids was reported to improve their properties [92] . Turchiuli et al. [93] investigated the feasibility of encapsulation of a vegetable oil used as a model into a mixture of maltodextrin and acacia gum.
Encapsulation was completed in three stages, i.e. emulsification, spray dr ying and fluid bed agglomeration.
Agglomeration did not change oil encapsulation properties of the spray -dried powder but considerably improved its wettability. Chegini and Ghobadian [94] investigated the effects of the feed ratio, atomizer speed, and inlet air temperature on properties of spray-dried orange juice powders basing on a full factorial experimental design. Tan et al. [95] reported the effect of marine oil loading on the encapsulation efficiency when modified starch was used as wall materials. The higher oil loading increased the droplet size of emulsions formed resulted the higher surface content and lower production yield. The encapsulation of vegetable oil as the model in MD and GA was studied. The direct agglomeration process was used to increase the size of the particle to improve the flowability and wettability [96] . A cool chamber wall spray dr yer was used to increase the production of yield of lime juice powder because of the decreasing of particles stickiness on the wall [97] . The medium-chain triglyceride was mixed to the d-Limonene to make the emulsion in the OSA-modified starch carrier solution before spray drying. Goula et al. [77, 103] reported an effective way of increasing lycopene encapsulation and reducing residue formation of spray dried orange juice concentrate by using dehumidified air as the drying medium.
Morphology of spray-dried powder
Spray drying is the process by which a solution or slurry is transformed into a dry powder by spraying the fluid feed material into a hot drying medium. The morphology of the spray-dried particle has been studied extensively by Walton and Mumford [104] and Walton [105] using a suspended droplet drying techniques. They classified the morphology of the droplet into 3 categories; agglomerate, skin-forming, and crystalline. Morphologies of the powder particle by spray drying Fig. 1 Morphologies of spray-dried powders.
(a) Spray-dried milk powder (x140), (b) Spray-dried powder with maltodextrin and fat (x800), (d) spray-dried mannitol affects upon the porosity, the surface integrity and flow properties of spray dried powder. Figure 2 shows dextrose equivalent (DE) of maltodextrin affects the surface integrity. Surface crinkle structure might depend on the drying rate. The powders produced with higher maltodextrin concentrations were less hygroscopic and had a lower moisture content after drying.
Hecht and King [106] investigated the morphology changes of the particle by using single droplet. Rogers et al. [107] investigated particle shrinkage and morphology of milk powder made with a monodisperse spray dryer.
They suggest the surface crust (initially spherical) is viscoelastic and deforms in response to dr ying stresses.
They also investigated the modelling of the formation of insoluble material for a monodisperse spray dr yer.
Alamilla-Beltrán et al. [108] investigated the morphological changes of particles during spray drying and concluded the particle changes are related to moisture content of the material and operating drying temperatures.
Abadio et al. [109] investigated physical properties of powdered pineapple (ananas comosus) juice in the effect of maltodextrin concentration and atomization speed.
They showed the powder density could be correlated with atomizing speed and maltodextrin concentration.
Bhandari et al. [110] investigated spray drying of concentrated fruit juices. They obtained the optimal ratio of maltodextrin to the juice. In the morphology of the spray dried powder, the coagulation of the particles is important to evaluate the powder properties. The stickiness problem of sugar products such as fruit juices has been related to their low glass transition temperature (T g ) and water-induced plasticization..
Release of flavor from spray-dried powder
Spray drying is the most commonly used technique for the production of dr y flavorings. Zuidan and Heinlich Table 2 .
Conclusion
The 
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